Abstract-In this study, we attempt to synthesize nanosized titanium dioxide with tubular structure for the photocatalytic applications, and self-prepared anatase TiO 2 powder is the precursor. We demonstrated that nanosized TiO 2 with tubular structure could be synthesized with a NaOH hydrothermal treatment on TiO 2 powder and then with a subsequent acid washing. Furthermore different formation mechanism of nanotubes could be got by controlling the pH value of acid washing step. In this research, we investigate the influence of different pH values of acid washing on the crystalline-structure, optical absorption range, porosity, specific surface area, and photo-catalytic activity of nanotubes. The influence of the preparation methods on crystalline-structure of photocatalysts and activities of photocatalytic reaction are obvious. The experimental results show that anatase TiO 2 nanotubes are produced as the pH value of acid washing is decreased to 1.3. Under this condition, the outer diameter and length of the nanotube is about 10 nm and 1μm respectively, its group is like petals. And it possesses the largest surface area of 381.2 m 2 /g, band gap of 3.12eV and the best photocatalytic activity.
I. INTRODUCTION
Titanium dioxide (TiO 2 ) has been widely employed in paint, coating, and filler because of its high stability, simple preparation, and non-toxicity. It's also a kind of semiconductor for such applications as optoelectronic device, sensor and alloy materials. And TiO 2 has excellent photocatalytic properties. In 1972, Fujishima and Honda [1] succeeded for the first time, in the photoelectrochemical decomposition of water under visible light irradiation with n-type TiO 2 as the anode and without any applied electric power. It has drawn much attention, and numerous efforts have been synthesized nanosize TiO 2 because of its photocatalytic properties. TiO 2 had also been fabricated into nanopowders, films, mesoporous TiO 2 with different methods. Recently, much researchers devoted to the synthesis of nanotubes with large specific surface areas and their structure were demonstrated as Na 2 Ti 2 O 4 (OH) 2 [2] O [5] , lepidocrocite titanates [6] , [7] , etc.
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Nanotubes with the diameter of 8~10nm and length of 10~1000nm were produced by alkali reaction for 24~72h [8] . Not only titanium, Oxygen atom but also hydrogen was discovered from the EDX analysis, and its chemical formula was considered as H 2 Ti n O 2n+1 , structure as anatase-rutile phase. Seo et al. [9] reported that the amount and length of nanotubes was proportional to the reaction temperature. The largest amount of nanotubes was manufactured at 200℃. It possessed the length of 200-250nm, surface area of 270 m 2 /g. Tsai et al. [10] had prepared TiO 2 nanotubes with hydrothermal method. The variation of the surface area, diameter, and pore size of nanotubes was investigated by controlling the temperature from 110 to 150℃. A model of lamellar to tubular structure was proposed for the formation mechanism of TiO 2 nanotubes after acid rinsing.
In this study, we demonstrated that TiO 2 nanotubes could be synthesized with a NaOH hydrothermal treatment on self-prepared anatase TiO 2 powders. And the effects on structure, specific surface area, and photocatalytic activity for KI of TiO 2 nanotubes were investigated by adjusting different pH values during the acid rinsing process.
II. MATERIALS AND METHODS

A. Experiment
The precursor used for nanotube production was self-prepared anatase TiO 2 powder, which was synthesized from titanium ethoxide by sol-gel method. And the approach for manufacturing TiO 2 nanotubes was processed with hydrothermal method in autoclave. The preparation was initiated by treating self-prepared anatase TiO 2 powder with strong base such as a NaOH solution into a Teflon-lined stainless autoclave at 110℃ for 20h. The process was similar to those reports [11] , except that the present treatment was conducted hydrothermally, rather than under atmospheric pressure. After this treatment and subsequent cooling, the paste in the bottom layer of Teflon was taken out to pH-value regulation by titrating with HCl solution. The final products were obtained by washing with DI water and subsequent drying.
B. Characterization of Titanium Dioxide Nanotube
The phase identification of those samples from different synthesis processes was conducted with X-ray diffraction (XRD) using a SIEMENS D8 diffractometer equipped with CuK α radiation. The data were collected for scattering angles (2θ) rangine from 20 
A reaction system was set up by adding 1g of catalyst powder into 100ml, 0.2M KI aqueous solution in a beaker. And this reactant was irradiated with UV light (500W) at room terperature with constant stirring speed. At regular time intervals, the suspension was extracted and filtered. The concentration of liberated I 3 -ions in the clear supernatant was monitored by determining the absorbance at 350nm from an UV-Vis spectrophotometer. The result of absorbance was introduced into the Beer-Lambert's Law. Then the formation profiles of I 3 -in the suspension of the nanotubes prepared at different formation pH value can be obtained as a function of UV irradiation time. In this study, we attempted to synthesize anatase TiO 2 nanotubes by hydrothermal method with lower temperature. The powders withdrawn after the reaction were titrated with acid at different pH value of 0.8, 1.3, 2.2, 4, and 6.5, respectively. Lin [12] reported that TiO 2 powders used as the provider of raw material were corroded by strong acid, and the formation mechanism of nanotubes were in a dissolutionprecipitation-growing procedure. However, Wang et al. [13] and T. Kasuga et al. [14] discussed that during treatment with NaOH solution, some Ti-O bonds of the TiO 2 precursor were broken, leading to the formation of lamellar fragments that were the intermediate phase in the formation process of the nanotubes material. The tubular structure was achieved by rolling slowly after the acidic post-treatment process, and therefore the acid rinsing step had become very important during the TiO 2 nanotubes formation process.
Crystalline structure is one of the key factors for photocatalytic activity of semiconductor photocatalysts. With the decrease in pH to 4 and 2.2, there appears to be a corresponding decrease in the intensity of the 28 o peak relative to that of 24 o . This has been ascribed to the decrease in the Na:H ratio of the titanates caused by the replacement of Na + with H + during acid washing. With the washing pH lowered to 1.3 and 0.8, the 24 o peak shifts to 25.2 o . The peak at 25.2 o should correspond to the diffraction (1, 0, 1) of anatase TiO 2 . And other crystal faces of anatase TiO 2 can also be observed at the specific angles. The preceding results obtained with a progressive pH decrease have demonstrated a phase-transition sequence of Na-containing titanate, protonic titanate, and anatase TiO 2. For the reason, the controlling of pH value during the acid rinsing process has an effect on the substituting degree of Na + ions with H + , structure, and crystal phase of products.
The variation of the specific surface area of TiO 2 nanotubes with different washing pH values is described in Fig. 2 and 
. The percent of the generated TiO 2 nanotube would be also increased by scrolling the lamellar titanate or titanium oxide sheets into tubular structure. So the specific surface area can be up to 294.86m 2 /g. In the pH-descending course, the area increases to reach a maximum of 381.2m
2 /g at pH=1.3, and it then decreases. At pH=1.3, the aggregated nanotubes should be in a loose configuration, because the porosity was contributed to by the internal space as well as the interstice of the nanotubes. When we increased the acidity of the washing step to 0.8, the nanotubes became defective because of the destruction of the acidity. So the area is reduced to 335.13m 2 /g as well as the porosity. And also the surface area of the synthesized catalysts (titanate powder or TiO 2 nanotube) are three to seven times larger than commercial TiO 2 -P25 (25% anatase, 75% rutile) powders.
The UV-VIS absorption spectra of TiO 2 Fig. 3 . The catalysts of titanate with acid rinsing pH of 6.5 have absorption in the UV region within 400nm, and it possesses the band gap about 3.31eV. With the decreasing of acid rinsing pH value, the absorption range of photocatalysts will shift slightly to high wavelength. Comparing to these five curves, the absorption edge of TiO 2 nanotubes with pH=1.3 is observed at the widest wavelength range than others. And the band gap energy is the lowest of 3.12eV (pH=4 of catalyst with 3.28 eV, pH=2.2 with 3.28 eV).
However, when the pH value of acid rinsing process is decreased to 0.8, the absorption range of TiO 2 nanotubes catalyst would shift back UV region. And the band gap energy becomes broad with 3.21eV. It's because the pH value of acid washing is too low that the phenomenon of the defect and disintegration appeared in the structure of nanotubes by the destruction of acidity. At this point, its surface tension becomes larger, lattice distance becomes shorter, resulting in a increase of the vibrational frequency of bond in the nano-particles. Therefore, the absorption spectra will shift to high wavenumber (low wavelength). The experimental results indicate that anatase TiO 2 nanotubes are produced as the pH value of acid washing is decreased to 1.3. It possesses the largest surface area, the widest absorption range, and may the best photocatalytic activity. The SEM image of the TiO 2 nanopowder obtained by sol-gel method with titanium ethoxide is shown in Fig.4 . The morphology explains the uniform distribution of the particles, and its particle size is about 20nm. In this study, self-prepared anatase TiO 2 powder is the precursor of the synthesized TiO 2 nanotube.
The SEM images of the samples prepared from a concentrated NaOH treatment and with a subsequent acid washing of pH=1.3 are shown in Fig. 5. Fig. 5A is the microscopic figure with low-power field. We can observe that the uniformity of the structure distribution inside the catalysts is very excellent, and no particle is remained because of the incomplete reaction. As clearly seen from Fig. 5B and Fig. 5C , numerous fiberlike nanotubes grow from nano-size TiO 2 particles. Its group is like a petal with bunchy arrangement not disarray. Under this condition, the outer diameter and length of the nanotubes is about 10nm and >1μm respectively from Fig. 5C and Fig. 5D . The TiO 2 nanotubes made from nanopowders could improve significantly the specific surface area, increase the efficiency of electron transport and also separate the electron-hole pairs efficiently.
The photocatalytic activity is evaluated through the formation rate of I 3 -ions from the photocatalysis reaction of KI after illumination with UV light. By the definition, the higher concentration of I 3 -ions, the better photocatalytic activity of photocatalyst. And the properties of those titanate or nanotube with different acid washing pH values are showed in Fig. 6 . We can observe that the photocatalytic activity of titanate with the controlling pH value of 6.5 is obviously the lowest than others. With the decreasing of acid washing pH value, the nanotubes are produced gradually, and the photocatalytic activity becomes better. When the washing pH value of nanotubes is lower to 2.2, the photocatalytic activity will be enhanced significantly. TiO 2 nanotube synthesized with an acid washing treatment of pH=1.3 possesses the best photocatalytic activity.
However, with the decreasing of pH to 0.8 further, it's seen clearly that the activity is lower than pH=1.3. It's because the pH value of acid washing is too low that the phenomenon of the defect and disintegration appeared in the structure of nanotubes by the destruction of acidity. The variation trend of photocatalytic acivity corresponds with the result of specific surface area. In summary, the clear anatase crystalline-phase of TiO 2 nanotubes prepared with acid washing of pH=1.3 can result in better efficiency of electron transport, the best porosity, and the largest specific surface area lead to the largest number of active sites which can participate in the reaction. The absorption edge is also observed at the widest wavelength range, so TiO 2 nanotubes with pH=1.3 possesses the best photocatalytic activity among those samples. 
IV. CONCLUSIONS
In this study, nanosized TiO 2 with tubular structure were synthesized and investigated. According to the hydrothermal treatment of anatase TiO 2 with concentrated NaOH solution, layered or lamellar structures were formed in the present work. After being washed with HCl, the lamellar phase will transform into titanate nanotubes with the gradual substitution of Na + with H + . This lamellar fragments, considered to be the intermediate phase for nanotubes formation, were mainly composed of Na 2 Ti 2 O 5 •5H 2 O, Na 2 Ti 3 O 7 or lepidocrocite titanates. Then TiO 2 nanotubes had been proved to be generated with acid washing pH value of 1.3. When we increased the acidity of the washing step to 0.8, the nanotubes become defective because of the formation of an anstase TiO 2 phase (powder) on some spots of the tubes. They eventually transformed into nanocrystalline anatase with turbostratic stacking. For this reason, the controlling of pH value during the acid rinsing process has an effect on the substituting degree of Na + ions with H + , formation, crystalline structure, and even chemical composition of the final nanotube products.
As for the application of TiO 2 nanotube, it has been used as the anode electrode of the dye-sensitized solar cell, and better cell efficiency and structure-related characteristics on the charge transport phenomenon have been reported [15] - [17] .
Also some studies reported that TiO 2 nanotube exhibits proton intercalation/de-intercalation and resultant photoelectrochromic properties [18] , [19] , anion doping to develop visible light responsible TiO 2 nanotube for hydrogen generation from water splitting [20] - [23] , and the photocatalytic degradation of organic pollutants using TiO 2 nanotube photocatalysts [24] , [25] . As mentioned before, one of the future research direction of the TiO 2 nanotube may turn toward the application as the environmental and/or energy creating systems, which would become more important in the near future. And he studied on the preparation of amorphous nano-sized nickel alloy catalysts and its application for liquid phase selectivity p-chloronitrobenzene hydrogenation reaction during the doctoral research period. After graduation, he went in for the scientific research as an associate engineer in Institute of Nuclear Energy Research, Atomic Energy Council of Taiwan up to now. He investigated the electrode materials of the dye-sensitized solar cell, photocatalysts for hydrogen generation from water splitting, and photoelectrochromic devices. And he published the paper of "Nanosturctured mesoporous titanium dioxide thin film prepared by sol-gel method for dye-sensitized solar cell" in vol. 10 of Int. J Photoenergy in 2011. Now his interesting research fields are about high-energy electromagnetic radiation shielding materials and the energy storage system of vanadium redox battery. 
Yu-Zhen Zeng
Yun-Fang Lu
